The anti-inflammatory and anti-tumor effects of berberine, a traditional Chinese medicine, were separately discovered in pathological intestinal tissues. However, whether the anti-inflammatory effect of berberine contributes to its anti-tumor effect on colitis-associated colorectal cancer (CACRC) remains unknown. In the present study, we found that berberine effectively inhibited colitis-associated tumorigenesis and colonic epithelium hyperproliferation in dextran sulfate sodium (DSS)-treated Apc Min/+ mice. A mechanistic study identified that these inhibitory effects of berberine occurred through blocking interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) expression in colonic macrophages. An in vitro study on cell lines identified that berberine treatment of Raw 264.7 macrophages resulted in conditioned media with fewer proliferative effects on a cell line with a heterozygous Apc mutation (Immorto-Min colonic epithelium, IMCE). EGFR-ERK signaling act downstream of berberine/pro-inflammatory cytokines axis to regulate CACRC cell proliferation. Furthermore, in vivo administration of IL-6 to DSS-treated Apc Min/+ mice effectively weakened the inhibitory effects of berberine on tumorigenesis and EGFR-ERK signaling in colon tissues. Altogether, the results of our studies have revealed that berberine inhibits the development of CACRC by interfering with inflammatory response-driven EGFR signaling in tumor cell growth. The findings of this study support the possibility that berberine and other anti-inflammatory drugs may be beneficial in the treatment of CACRC.
Human inflammatory bowel diseases (IBD), including
Crohn's disease (CD), and ulcerative colitis (UC), have become increasingly prevalent since the early 20th century. 1 Patients with IBD are often at an increased risk of developing colitis-associated colorectal cancer (CACRC). [2] [3] [4] Inflammation is involved in every step of colon tumorigenesis and development, including cellular malignant transformation, angiogenesis, and metastasis. 5 Accumulating evidence indicates that genomic alterations, oxidative stress, cytokines, and inflammatory transcription factors may have crucial roles in the development of CACRC. 6 In chronic inflammation, inflammatory cells produce a variety of pro-inflammatory cytokines and growth factors that stimulate tumor cell proliferation. 7 Macrophages and dendritic cells initiate innate immune responses by secreting pro-inflammatory cytokines, such as IL-1α, IL-6, IL-1, TNF-α, IFN-α, and KC. 7 These cytokines are responsible for promoting the activation, survival, migration, and differentiation of intestinal epithelial cells (IECs) and the secretion of antimicrobial peptides in IECs. 5 However, exaggerated immune responses typically produce excessive cytokines and chemokines, which most likely result in colon tissue damage and tumorigenesis. 6 Therefore, appropriate regulation of immune responses is imperative during clinical treatment of CACRC. Investigations into the mechanisms of CACRC development and progression will undoubtedly provide new insights into the identification of effective therapeutic strategies.
Berberine, an isoquinoline alkaloid, is a traditional Chinese herbal medicine that has been utilized in the treatment of intestinal parasitic infection and bacterial diarrhea. 8 Previous studies have reported that berberine exhibits vasodilative, cholesterol-lowering, anti-convulsant, neuroprotective, and notably anti-inflammatory activities. 9 Berberine suppresses inflammatory responses by promoting colonic macrophage apoptosis and decreasing pro-inflammatory cytokine production in colonic macrophages and epithelial cells in DSStreated mice. 10 Recently, increasing numbers of studies have focused on the anti-tumor effect of berberine. In these studies, berberine was found to induce growth inhibition, cell cycle arrest, and apoptosis in various types of cancer cells, including leukemia, liver cancer, gastric cancer, colon cancer, and breast cancer. 11, 12 Moreover, our recent studies found that berberine inhibited the growth of intestinal polyps in Apc Min/+ mice and in patients with familial adenomatous polyposis. 13 Berberine could also inhibit colon tumorigenesis in an azoxymethane (AOM)-initiated and DSS-promoted colorectal carcinogenesis mouse model by regulating AMP-activated protein kinase signaling pathways. 14 However, it remains unclear whether the anti-inflammatory effect of berberine contributes to its anti-tumor effect on CACRC.
In this study, we investigated the effects of berberine on colorectal tumor development in the DSS-induced chronic inflammatory microenvironment in Apc Min/+ mice and further assessed the underlying mechanisms.
MATERIALS AND METHODS Reagents and Antibodies
Dextran sulfate sodium (DSS, MP Biomedical, Solon, OH, USA) and berberine chloride (Sigma Aldrich, St. Louis, MO, USA) were prepared as reported in our previous publications. 15 Antibodies against EGFR, p-EGFR (Y1173), ERK, and p-ERK were purchased from Cell Signaling Technology, Boston, MA, USA. 
Animal Model
Animal experiments were conducted in accordance with the regulations of experimental animal administration and the ethics committee of the Medical College of Xiamen University. C57BL/6J-Apc Min/+ mice were originally obtained from Xiamen University Laboratory Animal Center. Mice were mated in monogamous pairs and housed in a temperature-controlled environment (20-22 ℃) with a 12-h/12-h light/dark cycle. All surgeries were performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.
For the animal experiments shown in Figure 1 , Apc Min/+ mice (4 weeks old) were divided into three groups as described in Figure 1a , including the normal control group (receiving normal drinking water for 5 weeks), DSS-treated group (receiving DSS for 1 week and normal drinking water for an additional 4 weeks), and the DSS+ber co-treated group (receiving DSS for 1 week and berberine for an additional 4 weeks). According to the method, 16 colitis was induced by oral ingestion of 2% (w/v) DSS in drinking water for 1 week. Berberine was then orally administered (1 mg/ml in drinking water) for an additional four weeks. Then, mice were killed, and colon tissues and blood samples were obtained according to the method. 16 Some colon tissue samples were fixed in 10% formaldehyde and then embedded in paraffin for histopathological study. The other samples were frozen in liquid nitrogen immediately after collection and stored at − 80°C until analysis. The blood samples were collected into clean dry test tubes and separated by centrifugation, and the serum was stored at − 80°C until use. For the animal experiments in Figure 6 , mice (8 weeks old) were randomly divided into five groups as described in Figure  6a . Mice were administered 2% (w/v) DSS in drinking water for 7 days. Then, berberine and/or IL-6 treatment were administered. Berberine or its vehicle control phosphate buffer saline (PBS) was intragastrically administered at 50 mg/ kg body weight/day for 2 weeks of 4-day treatment and 3-day recovery followed by 2 weeks of treatment every other day. For IL-6 treatment, mice were injected intraperitoneally (i.p.) with 5 μg recombinant IL-6 (Sino Biological) or its vehicle control PBS every 3 days. Mice receiving drinking water alone were used as the control. All mice were killed on day 36 to examine colon tumors. The colon tissues were collected and analyzed as mentioned above.
Cell Culture
The IMCE cell line was provided by Dr. Robert Whitehead (Vanderbilt University, Nashville, TN, USA). IMCE cells were cultured at 37°C with 5% CO 2 in RPMI 1640 medium supplemented with 5% heat-inactivated fetal bovine serum (FBS, HyClone, Logan, UT, USA), 5 U/ml murine IFN-γ (Gibco, Grand Island, NY, USA), 100 U/ml penicillin (Life Technologies, Carlsbad, CA, USA), 100 μg/ml streptomycin (Life Technologies), 5 mg/ml insulin (Sigma Aldrich), 5 mg/ml transferrin (Sigma Aldrich), and 5 ng/ml selenous acid (Sigma Aldrich). 15 RAW 264.7 macrophages and colon cancer HCT116 cells were purchased from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, Shanghai, China. These cell lines were cultured at 37°C with 5% CO 2 in DMEM medium containing 10% FBS, 100 U/ml of penicillin, and 100 μg/ml of streptomycin. 16 Cell Proliferation Assay Raw 264.7 macrophages were treated with LPS (1 μg/ml) in the presence or absence of berberine (25 μM) for 12 h. Culture media from Raw 264.7 cells were collected to further simulate IMCE cell proliferation. IMCE cells were seeded at a density of 10 4 cells per well in 96-well plates. After adherence, cells were starved for 8 h in serum-free RPMI 1640 medium and then cultured in the conditioned medium collected from Raw 264.7 macrophages for an additional 24 h. Cell proliferation was assessed by methyl thiazolyl tetrazolium (MTT) assay as described previously. 17 Real-Time PCR Analysis Total RNA was isolated from colon tissues using an RNA Isolation Kit (RNAiso plus, TaKaRa, Shiga, Japan) and then reverse transcribed using a PrimeScript RT reagent Kit (TaKaRa, Shiga, Japan). Real-time PCR was performed in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were used as normalization controls. The primer sequences used are listed below:
IL-6-F: GCCTTCTTGGGACTGATGCT, IL-6-R: TGCCATTGCACAACTCTTTTC, TNF-α-F: AAAAGCAAGCAGCCAACC, TNF-α-R: TGCCACAAGCAGGAATGA, GAPDH-F: TGGCAAAGTGGAGATTGTTGCC, GAPDH-R: AAGATGGTGATGGGCTTCCCG.
Immunohistochemistry
Colon tissues were fixed in 10% formaldehyde, embedded in paraffin, and then cut into 5 μm successive sections.
Immunohistochemical staining was performed as previously described. 18 Sections were dewaxed, incubated in 0.01 M sodium citrate buffer for antigen retrieval, and then blocked using 5% goat serum in PBS. After staining with the indicated antibodies overnight at 4°C, the sections were subject to an immunostaining kit (Maxim Biotech Inc, Fuzhou, China) and an DAB Substrate (Maxim, Fuzhou, China) according to the manufacturer's instructions. Photomicrographs were obtained using an Olympus BX41 microscope, and the average density of the labeling signal was measured using an image analyzer (Image-Pro Plus 5.0).
Enzyme-Linked Immunosorbent Assay (ELISA)
IL-6 and TNF-α levels in the conditioned medium of RAW 264.7 cells and serum of experimental mice were determined in triplicate using ELISA kits (R&D System Europe, Abingdon, UK) according to the manufacturer's instructions.
Western Blot Analysis EGFR and ERK expression and phosphorylation levels were measured using western blot in accordance with the previously reported method. 19 Anti-EGFR, p-EGFR (Y1173), ERK, and p-ERK antibodies were used, and β-actin was used as the internal control.
Statistical Analysis
Statistical significance between two groups was determined by Student's t-test using GraphPad Prism 5.0 (GraphPad Software). P-values o0.05 were defined as statistically significant.
RESULTS

Berberine Inhibited Colon Tumor Development in DSS-Treated Apc Min/+ Mice DSS-treated Apc
Min/+ mice, a widely accepted model for CACRC, were established as indicated in Figure 1a to evaluate the therapeutic effect of berberine. Mice were treated with 2% DSS for 1 week to induce colitis followed by berberine for 4 weeks (Figure 1a) . At the end of week 5, mice were killed and assessed for the development of colon tumors. Compared with the control group (0.19 ± 0.54), DSS treatment obviously increased the number of colon tumors (12.83 ± 0.73); moreover, berberine treatment significantly reduced the number of tumors to 7.78 ± 0.83 (Figures 1b and c) . The diameter of the colon tumors was also greatly decreased by berberine treatment (Figure 1d ). In addition, most of the colon tumors induced by DSS treatment were identified as adenocarcinoma, whereas most lesions were pre-malignant adenomatous polyps in the DSS+berberine co-treated group (Figure 2a ). An increase in IEC proliferation in DSS-treated colon tissues was also observed by detecting the expression level of Ki67, a marker of cell proliferation. Berberine administration also suppressed DSS-induced hyperproliferation of IECs (Figure 2b) .
Body weight recovery is one of the most important indicators in cancer therapy evaluation. The DSS-treated group exhibited two periods of body weight loss (Figure 1e ). The first occurred from day 3 to day 9 due to the severe colitis induced by DSS, and the second period began at day 27 as a result of the development of colon tumors (Figure 1e ). The DSS plus berberine-treated group exhibited similar body weight loss on days 3-9; however, no obvious body weight loss was observed from day 27 to day 36.
These results therefore suggest that berberine effectively inhibited the development of CACRC.
Berberine Inhibited Colon Tumor Cell Proliferation by Reducing the Production of Pro-Inflammatory Cytokines in Macrophages
We further explored how berberine exerts its inhibitory effect on colitis-associated colorectal tumorigenesis and development. It has been reported that pro-inflammatory cytokines could stimulate cancer cell proliferation in vitro. 20 The potential roles of pro-inflammatory cytokines in the development of CACRC were verified in our present experiment by treating HCT116 cells with two of the most common proinflammatory cytokines: IL-6 and TNF-α (Figure 3a) . We then examined whether berberine influenced the production of pro-inflammatory cytokines in DSS-treated Apc Min/+ mice by ELISA. The levels of pro-inflammatory cytokines IL-6 and TNF-α in serum were dramatically increased by 10-to 15-fold in the DSS-induced groups, which was significantly suppressed by berberine treatment (Figures 3b and c) . RT-PCR analysis was also performed to detect the mRNA expression levels of IL-6 and TNF-α in colon tissues. The results showed that the mRNA expression levels of colonic IL-6 and TNF-α were increased significantly in DSS-treated mice, whereas this upregulation was effectively inhibited when mice were treated with berberine thereafter (Figures 3d  and e) . These results suggested that berberine inhibited the production of pro-inflammatory cytokines stimulated by DSS.
To investigate whether this inhibitory effect of berberine on the production of pro-inflammatory cytokines was involved in its regulation of CACRC, an in vitro cell model was used to mimic the in vivo inflammation microenvironment. Raw 264.7 macrophages were treated with LPS (1 μg/ml) to induce cytokine production in the presence or absence of berberine. Then, the conditioned medium was collected to simulate the proliferation of IMCE, a pre-neoplastic cell line separated from the colon epithelium of Apc Min/+ mice. 21 The amount of IL-6 and TNF-α secreted by Raw 264.7 macrophages in the conditioned medium was first examined. LPS significantly stimulated the secretion of IL-6 and TNF-α by Raw 264.7 macrophages. However, when cells were co-treated with berberine, LPS-induced IL-6, and TNF-α levels were greatly reduced (Figures 4a and b) . We further found that the proliferation of IMCE cells was not significantly influenced when treated with LPS directly (Figure 4c) . However, the growth of IMCE cells was significantly promoted when they were cultured in the conditioned medium from LPS-stimulated Raw 264.7 cells, and this promotion was greatly attenuated when Raw 264.7 cells were co-treated with LPS and berberine (Figure 4c ). These results thus indicated that berberine inhibits tumor cell proliferation by reducing the production of pro-inflammatory cytokines in the inflammatory environment.
EGFR-ERK Signaling Acted Downstream of the Berberine/ Pro-Inflammatory Cytokines Axis to Regulate CACRC Cell Proliferation The EGFR-ERK pathway has an important role in regulating cell proliferation, 22-24 so we analyzed whether this signaling Berberine inhibits colitis-associated tumorigenesis D Li et al pathway acted downstream of the berberine/pro-inflammatory cytokine axis to regulate colitis-associated carcinoma cell proliferation. Our results from the in vitro cell model as described in Figure 4c indicated that EGFR and ERK phosphorylation levels were upregulated when IMCE cells were cultured in the conditioned medium of LPS-stimulated Raw 264.7 macrophages, but were not impacted when IMCE cells were cultured in the conditioned medium of LPS and berberine co-treated Raw 264.7 cells (Figure 5a ). EGFR and ERK phosphorylation levels were further analyzed in the colon tissue of DSS-treated Apc Min/+ mice by western blot and immunohistochemistry. EGFR and ERK phosphorylation levels were significantly upregulated in the colon tissues of the DSS-treated group compared with the control group. Moreover, this upregulation was effectively inhibited by berberine treatment (Figures 5b-d) . These results indicated that EGFR-ERK signaling was involved in regulating colitisassociated carcinoma cell proliferation downstream of the berberine/pro-inflammatory cytokines axis.
IL-6 Treatment Attenuated Berberine's Effect on DSS-Treated Apc
Min/+ Mice To further prove the involvement of the suppressed pro-inflammatory cytokine/EGFR-ERK signaling axis in berberine's inhibitory effects on CACRC development in vivo, DSS-treated Apc Min/+ mice with or without berberine treatment were administrated with IL-6. To better control the doses between mice, intragastric administration and intraperitoneal injection were adopted for berberine and IL-6 treatment, respectively. However, due to the potential harm of frequent gavaging and intraperitoneal injection, mice older than those presented in Figure 1 were used. Eight-week-old mice were orally administrated with 2% DSS for 1 week to induce colitis. Then, mice were treated with berberine and/or IL-6 as indicated in Figure 6a . Four weeks later, all mice were killed, and the development of colon tumors was measured. Similar to the results in Figures 1b-d , berberine markedly reduced the burden and diameter of colon tumors induced by DSS treatment; however, this effect of berberine was significantly attenuated by IL-6 treatment (Figures 6b-d) .
Most of the colon tumors induced by DSS were adenocarcinomas, whereas most lesions were pre-malignant adenomatous polyps in the berberine-treated group, which is similar to the results in Figure 2a . Nevertheless, IL-6 treatment caused a proportion of the pre-malignant adenomatous polyps in the berberine-treated group to become adenocarcinoma ( Figure 6e, left panel) . Moreover, berberine effectively suppressed DSS-promoted IEC proliferation, as indicated by the expression level of Ki67, whereas IL-6 treatment significantly reduced the inhibitory effect of berberine on IEC proliferation (Figure 6e , right panel). The EGFR and ERK phosphorylation levels were further analyzed in the colon tissue of all these five groups of Apc Min/+ mice by western blot and immunohistochemistry. EGFR and ERK phosphorylation levels were greatly upregulated in DSStreated colon tissues compared with the control, which was effectively inhibited by berberine treatment; however, berberine's inhibitory effect was reduced when mice were co-treated with IL-6 (Figures 7a-c) . Taken together, these in vivo results confirmed that berberine inhibited CACRC development at least partially via suppressing pro-inflammatory cytokine production in the colonic inflammatory microenvironment, leading to a reduction in inflammatory cytokine-activated EGFR-ERK signaling in colorectal cancer cells and thus inhibiting CACRC.
DISCUSSION
As a traditional Chinese herbal medicine, berberine has long been used to treat intestinal parasitic infection and bacterial diarrhea. 8 Berberine also exhibits beneficial effects on various types of diseases, such as reducing cholesterol levels, 25 ameliorating glucose metabolism, 26 and modulating Type 1 diabetes progression. 27 A recent study demonstrated that berberine promotes colitis recovery and ameliorates inflammatory responses in DSS-treated mice by promoting colon Berberine inhibits colitis-associated tumorigenesis D Li et al peritoneal macrophages apoptosis and suppressing proinflammatory cytokine production in colonic macrophages. 10 The anti-tumor function of berberine was also confirmed by multiple studies. 15, [28] [29] [30] [31] [32] [33] Berberine inhibits colon tumorigenesis in the AOM-initiated and DSS-promoted colorectal carcinogenesis mouse model via regulating AMPactivated protein kinase signaling pathways. 14 Our recent studies also found that berberine could effectively suppress intestinal polyp growth in Apc Min/+ mice and in patients with familial adenomatous polyposis. 13 Given that patients with IBD are more vulnerable to CACRC, there is a pressing need to better understand whether the anti-inflammatory function of berberine contributes to its anti-tumor function in CACRC. In the present study, we established a mouse model of CACRC by subjecting Apc Min/+ mice to DSS treatment and discovered that berberine exhibited advantages in CACRC treatment. Both the in vivo and in vitro studies demonstrated that berberine reduced pro-inflammatory cytokine (ie, IL-6, TNF-α) production, which interfered with inflammatory response-driven EGFR signaling in tumor cell growth (Figure 8 ). These findings may provide new insights for the treatment of intestinal inflammatory-associated diseases, especially CACRC.
Colitis in DSS-treated mice mainly results from the increased cellular responses to pathogenic microbes and detrimental substances in the intestinal lumen, which leads to increasing pro-inflammatory cytokine production. 34, 35 On the basis of the IL-6 and TNF-α profiles obtained in our study (Figure 3) , there is a strong possibility that berberine could inhibit DSS-induced colon tumor development by regulating macrophage and epithelial cell-derived cytokine production. Our in vitro studies further confirmed that berberine inhibited the secretion of IL-6 and TNF-α by macrophages under LPS-stimulation (Figures 4a and b) . Similar to our result, regulation of IEC cytokine production by berberine has also been reported in the TNBS (2,6,4-trinitrobenzenesulfonic acid) model. 28 As a result of the reduced stimuli, proinflammatory cytokines, tumor cell proliferation was greatly Figure 4 Berberine treatment on Raw 264.7 macrophages resulted in conditioned media with less proliferative effects on IMCE cells. (a, b) RAW 264.7 cells were treated with LPS in the presence or absence of berberine. Then, the cell culture supernatants were collected to stimulate IMCE cell proliferation. IL-6 and TNF-α levels in the supernatants of RAW 264.7 cells were measured by ELISA. (c) IMCE cells were cultured in the conditioned media from Raw 264.7 macrophages for 24 h, and then their proliferation was determined by MTT assay. All data are presented as the means ± s.d. from at least three separate experiments. *Po0.05, **Po0.01, ***Po0.001, and ns non-significant versus control.
reduced (Figure 4) . We found that IMCE cell proliferation was increased when cultured in the conditioned medium of LPS-stimulated Raw 264.7 macrophages, which contained increased levels of IL-6 and TNF-α (Figures 4a and b) . However, this increase in IMCE cell proliferation was markedly suppressed when cells were cultured in the conditioned medium of Raw 264.7 macrophages co-treated with LPS and berberine (Figure 4c ). IMCE cell proliferation exhibited no significant change when the cells were directly treated with LPS (Figure 4c ). These results suggested that berberine exhibits anti-tumor function at least partially by inhibiting pro-inflammatory cytokine production in macrophages.
Signaling pathways downstream of the berberine/proinflammatory cytokine axis that regulate tumor cell proliferation were further explored in the present study. In the process of tumorigenesis and development, multiple signaling pathways were activated, such as VEGF, Wnt, EGFR-ERK, Hedgehog, Notch, and STAT. 36 Previous studies demonstrated that the activated EGFR-ERK pathway has important role in regulating cell proliferation. 36 Our results revealed that EGFR phosphorylation was upregulated in both DSS-treated mouse colon tissues and IMCE cells cultured in the inflammation environment, and these effects were significantly suppressed by berberine treatment ( Figure 5 ). In addition, EGFR pathway downstream proteins, such as ERK, were regulated in a similar mode in both DSS-induced colon tissues and IMCE cells subjected to the inflammation environment ( Figure 5 ). Thus, we hypothesized that the EGFR-ERK signaling pathway might be a potential Berberine inhibits colitis-associated tumorigenesis D Li et al mechanism for the berberine/pro-inflammatory cytokine axis to regulate tumor cell proliferation, which was further confirmed by our in vivo experiments (Figures 6 and 7) .
Numerous studies have demonstrated that berberine exhibits anti-tumor effects via its cellular toxicity, such as suppressing proliferation and inducing apoptosis. 11, 12 Of note, a previous study demonstrated that berberine suppresses colon epithelial proliferation and tumorigenesis via AMPKdependent and AMPK-independent pathways in a different model of CACRC induced by AOM and DSS. 14 Although both their study and our study focused on the effect of berberine on colitis-associated colon cancer, there are still many differences between them. First, different CACRC models were used. They treated female FVB mice (7 weeks old) with AOM to initiate tumorigenesis followed by DSS to promote tumorigenesis; by contrast, we used DSS-treated Apc Min/+ mice as our CACRC model. Second, the malignant levels of CACRC were different. Tumors in their study were pre-malignant and did not develop into adenocarcinomas; however, most of the colon tumors in DSS-treated Apc Min/+ mice were identified as adenocarcinoma in our study. Third, different molecular mechanisms (direct and indirect) were employed by berberine to inhibit CACRC. In their study, berberine was found to inhibit proliferation and induce apoptosis of colon cancer cells via AMPK-dependent inhibition of mTOR activity and AMPK-independent inhibition of NF-κB, resulting in the inhibition of colon tumorigenesis (namely, direct effects on colon cancer cells). The present study found that berberine inhibits CACRC at least partially via suppressing the production of pro-inflammatory cytokines in colonic macrophages, leading to a less activated EGFR-ERK signaling pathway in colorectal cancer cells and thus inhibiting cell proliferation (namely, indirect effect on colon cancer cells, summarized in Figure 8 ). We admit that Representative histological images and immunohistochemistry photomicrographs of colonic epithelium in individual groups. All data are presented as the means ± s.e.m. from at least three separate experiments. *Po0.05, **Po0.01, and ***Po0.001 versus control.
the direct effect of berberine mentioned above may also participate in its inhibition of CACRC development in DSStreated Apc Min/+ mice. To explore whether both the indirect and the direct effects were adopted by berberine to inhibit
CACRC, DSS-treated Apc
Min/+ mice with or without berberine treatment were administrated with IL-6. If the addition of IL-6 largely reverses the inhibitory effect of berberine, this suggests that berberine's effect mainly occurs through the indirect effect, namely, inhibiting cytokine generation in macrophages. By contrast, if the administration of IL-6 has a minimal effect on berberine's inhibition, this indicates that berberine acts exclusively downstream of cytokines and directly on colon cancer cells. Our results demonstrated that IL-6 treatment could significantly weaken but not completely block the inhibitory effect of berberine on CACRC (Figures 6  and 7 ), so we considered that both the indirect and the direct effects (anti-inflammation and cellular toxicity) of berberine contribute to its inhibitory effects on CACRC.
In summary, we have demonstrated that berberine suppresses colitis-associated tumor development in DSStreated Apc
Min/+ mice. The anti-tumor effects of berberine might be mediated by the suppression of inflammatory Berberine inhibits colitis-associated tumorigenesis D Li et al responses in the colonic inflammatory microenvironment, leading to abatement of pro-inflammatory cytokine-driven EGFR signaling in tumor cell proliferation.
